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On the origin of the zero-resistance anomaly in heavy fermion superconducting
CeIrIn5: a clue from magnetic field and Rh-doping studies
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We present the results of the specific heat and AC magnetic susceptibility measurements of
CeIr1−xRhxIn5 for x from 0 to 0.5. As x is increased from 0 both quantities reflect the compe-
tition between two effects. The first is a suppression of superconductivity below the bulk transition
temperature of Tc = 0.4 K, which is due to the pair breaking effect of Rh impurities. The second
is an increase in the volume fraction of the superconducting regions above Tc, which we attribute
to defect-induced strain. Analysis of the H-T phase diagram for CeIrIn5 obtained from the bulk
probes and resistance measurements points to the filamentary origin of the inhomogeneous super-
conductivity at Tρ ≈ 1.2 K, where the resistance drops to zero. The identical anisotropies in the
magnetic field dependence of the specific heat and the resistance anomalies in CeIrIn5 indicate that
the filamentary superconductivity is intrinsic, involving electrons from the part of the Fermi surface
responsible for bulk superconductivity.
PACS number(s) 74.70.Tx, 71.27.+a, 74.25.Fy, 75.40.Cx
Recently discovered ambient-pressure heavy-fermion
superconductivity in CeIrIn5 [1] is the subject of intense
experimental and theoretical investigations. This interest
was sparked by an opportunity to study a Ce-based heavy
fermion superconductor at ambient pressure - CeIrIn5 be-
ing the second such compound after CeCu2Si2 [2], discov-
ered more than two decades ago. A number of U-based
heavy fermion superconductors have been shown unam-
biquously to be unconventional, including UPt3 [3] and
UPd2Al3 [4]. CeIrIn5 and CeCoIn5 (also an ambient pres-
sure heavy fermion superconductor [5]) present an op-
portunity to study in detail the mechanism of the heavy
fermion superconductivity in Ce-based compounds.
Superconductivity in CeIrIn5 was quickly confirmed by
other groups in the US [6] and Japan [7–9]. The overall
properties of CeIrIn5 samples do not depend on the place
of origin, due to the straightforward sample growth pro-
cedure and stability of the nominal stoichiometry. The
specific heat anomaly (see Fig. 1, some of these data were
also shown in Ref. [1]) indicates bulk superconducting
transition at Tc = 0.4 K. The resistivity data for two
samples are also plotted in Fig. 1, and show the resis-
tance going to zero at Tρ ≈ 1 K. A similar discrepancy
was observed in all of the synthesized samples of CeIrIn5,
both ours and those made by other researchers. We have
already learned a lot about the bulk properties of the su-
perconducting state at low temperature. Both NQR [8]
and specific heat and thermal conductivity [10] measure-
ments indicate that superconductivity in CeIrIn5 is un-
conventional, with lines of nodes in the energy gap. In
spite of the accumulated knowledge of the properties of
CeIrIn5 in the superconducting state, the observation of
the discrepancy between the superconducting transition
temperature Tc and Tρ remains unresolved. It has been
suggested that the resistance anomaly in CeIrIn5 may
be similar to the formation of the pseudogap in High
Temperature Superconductors [1]. Another interpreta-
tion suggested the existance of a small amount of second
phase with superconducting transition at Tρ = 1.2 K,
extrinsic to CeIrIn5. Clearly, it is important to resolve
this mystery.
In this article we present the results of transport and
thermodynamic measurements of the CeIr1−xRhxIn5 se-
ries for x from 0 to 0.5. The details of sample growth
and characterization are described in Ref. [11]. Large
plate-like single crystals, up to 1 cm long, are grown from
an excess In flux. Their quasi-2D tetragonal structure
can be viewed as layers of CeIn3 separated by layers of
Ir1−xRhxIn2. Therefore, we can treat CeIn3 as the parent
compound for CeIr1−xRhxIn5. Fig. 2 shows a combina-
tion of two magnetic field - temperature phase diagrams
for CeIrIn5, one based on specific heat and
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FIG. 1. Specific heat C and resistivity ρ CeIrIn5. (◦) C;
(⋄) ρ of sample #1; (△) ρ of sample #2.
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FIG. 2. Scaled H-T phase diagram of CeIrIn5. The field
H and temperature T of the resistance data are divided by
Hρc2 = 7 T (H ‖ (a,b)) and Tρ = 1.3 K, respectively. The
field H and temperature T of the specific heat and AC sus-
ceptibility data are divided by HC,χc2 = 0.93 T (H ‖ (a,b))
and Tc = 0.4 K, respectively. Solid line is the guide to
the eye for the data with H ‖ (a,b). Dashed line is the
guide to the eye for the data with H ‖ c. Notice the
same magnetic field anisotropy for the resistance- and spe-
cific heat/susceptibility-based phase diagrams.
susceptibility measurements that show Tc = 0.4K in
zero field, and another based on the onset of a resistivity
drop at Tρ = 1.3 K in zero field. The temperature was
scaled by Tc and Tρ for the specific heat/susceptibility
and the resistance data, respectively. The magnetic field
was similarly scaled by HC,χc2 = 0.93 T and H
ρ
c2 = 7 T,
critical fields for the specific heat/susceptibility and re-
sistance for H ‖ (a,b). We can make several observation
based on Fig. 2. First, the scaled phase boundaries for
H ‖ (a,b) based on resistivity and specific heat data fall
on one curve (solid line) within the scatter of the data .
The data for the other field orientation, H ‖ c, derived
from resistivity and specific heat measurements, also fall
on one curve (dashed line). Therefore, the anisotropy
of Hc2(T) with respect the direction of the applied mag-
netic field is the same for the specific heat/susceptibility
and the resistance anomalies. The quasiparticles that
form superconducting pairs and resistively short CeIrIn5
at Tρ and those that give bulk superconductivity at Tc
most likely have the same origin, i.e. come from the same
parts of the Fermi surface. The absence of a resolvable
anomaly in the specific heat at Tρ = 1.2 K suggests that
only a small part of the sample becomes superconduct-
ing at Tρ. An additional hint as to the nature of the
superconductivity at Tρ comes from comparing the mag-
nitudes of the critical fields required to suppress resistive
and specific heat/susceptibility anomalies to zero. The
ratio of these quantities, Hρ
c2
/HC,χ
c2
≈ 7.5, suggests that
the superconductivity leading to zero resistance at Tρ is
filamentary in nature. It is common, for example, for
the critical field of a thin film superconductor to increase
when the film thickness becomes less than the supercon-
ducting coherance length (with the field in the plane of
the film) [12]. Following this hypothesis, let us estimate
the size of the filaments. The higher critical field in fil-
amentary superconductors is due to the reduced ability
of the magnetic vortices to penetrate the filament with
a cross-section smaller than the coherence length, which
for CeIrIn5 is ξab ≈ 240 A˚ [1]. In analogy with the case
of thin film superconductivity [12], the critical field for
the filamentary superconductor Hfilmc2 =
Φ0
2pilξab
, where Φ0
is the flux quantum and l is the width of the filament.
Since the critical field for bulk samples is Hbulkc2 =
Φ0
2piξ2
ab
,
we can estimate the characteristic dimension of the fila-
ment as l =
H
bulk
c2
Hfilm
c2
×ξab = 32 A˚, a value typical of the size
of the generic line dislocations [13,14].
The origin of such filamentary superconductivity in
CeIrIn5 may be related to the rather high sensitivity of
the bulk transition to pressure, which rises at the rate of
.025 K/kbar and reaches T = 0.8K at 16 kbar [15]. The
strain field introduced into the system by dislocations
would result in creation of the superconducting regions
around them at T > Tc, shorting the sample and driving
the resistance to zero.
The magnetic field phase diagram of resistance, specific
heat, and susceptibility supports the possibility that fila-
mentary superconductivity is the origin of the resistance
anomaly at 1.2 K. This hypothesis is also consistent with
the small but present sample to sample variation of the
resistive anomaly, as can be seen in Fig. 1: the resistance
of sample #2 does not become zero until T= 0.8 K, even
though the onset of the anomaly takes place at 1.3 K,
similar to sample #1 with a sharp transition to R= 0
at T= 1.2 K. The filamentary superconductivity around
crystalline defects would indeed result in such behavior,
since the density of such defects is a sample-dependent
property. It is worth pointing out that within this sce-
nario, the more perfect sample (with fewer crystalline
defects) is the one with the broader resistive transition
to a zero-resistance state, contrary to the usual expec-
tation. The filamentary superconductivity, induced by
strain in the system, should be sensitive to the intro-
duction of the crystalline defects by doping. Below we
present specific heat and magnetic susceptibility data on
CeIr1−xRhxIn5 samples which bear out this expectation.
Fig. 3 shows specific heat and AC magnetic susceptibility
for Rh-doped samples with x between 0 and 0.5. Spe-
cific heat data, displayed in Fig. 3(a), show two trends.
First, the temperature of the sharp bulk superconducting
phase transition, clearly seen for pure CeIrIn5 (x = 0) at
Tc = 0.4 K, is suppressed as the Rh concentration in-
creases from 0 to about 10%. At the same time, a broad
feature begins to rise at T > Tc with increasing x. The
broad anomaly sharpens and moves to higher
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FIG. 3. Specific heat (a) and AC magnetic susceptibility
(b) of CeIr1−xRhxIn5 for x from 0 to 0.5. Notice the sup-
pression of the sharp bulk superconducting anomaly in (a)
for x ≤ 0.1 and the growth of the wide anomaly at higher
temperatures for ≥ 0.1. Correspondingly, the bulk of the su-
perconducting anomaly in the susceptibility data (b) initially
goes down in temperature, then broadens and moves up in
temperature, and finally sharpens up again for x = 0.5.
temperatures with x increasing from 0.125 to 0.5. In fact,
the specific heat anomaly for x = 0.5 appears to be as
sharp as that for x = 0.
Similar behavior is observed in the AC susceptibility
of CeIr1−xRhxIn5, shown in Fig. 3(b). As Rh-doping is
increased from zero, the anomaly moves down in tem-
perature and broadens. At the same time the size of the
drop in the susceptibility above the bulk (sharp) transi-
tion increases with x. For x above 0.1 the susceptibility
feature begins to move up in temperature and sharpens
again, becoming rather steep for x = 0.5, in accord with
the specific heat data.
The data of Fig. 3 reflects the competition between
two phenomena. First is the suppression of the super-
conductivity due to the pair-breaking effect of impuri-
ties. The second one, the appearance of the broad fea-
ture in specific above the sharp bulk superconducting
anomaly, and substantial broadening of the AC suscepti-
bility anomaly, argues for inhomogeneous superconduc-
tivity in the CeIr1−xRhxIn5 samples. Even pure CeIrIn5
shows the onset of small screening currents just below
T0 = 1.2 K, when measured with high sensitivity sus-
ceptibility apparatus [16]. When the defect density is
low, their strain fields do not overlap, and the width of
the strain distribution in the sample is at the maximum:
from zero in the unstrained bulk region to a maximum
near the defect. Introduction of Rh impurities increases
the defect density, and the volume fraction of the region
of filamentary superconductivity rises with x, leading to
an increase of the drop in susceptibility above the sharp
bulk transition to ≈ 10% for the x = 0.075 sample and
≈ 80 % for the x = 0.1 sample. With further increase of
the defect density (x ≥ 0.125 for CeIr1−xRhxIn5 samples
studied), the strain fields around them begin to overlap,
raising the minimum strain in the sample. The maxi-
mum strain remains unchanged, at the position of the
defects. Since these are the regions of the sample where
superconductivity appears first, we can expect the onset
temperature of the superconductivity to be independent
of x. Experimentally, the onsets of both specific heat and
susceptibility anomalies for x ≥ 0.1 coincide at T ≈ 0.9
K (see Fig. 3(b)), consistent with the above expectation.
We can also understand the sharpening of both the spe-
cific heat and the susceptibility anomalies with x for x
≥ 0.125 as the reduction of the width of the strain dis-
tribution. Ultimately, the strain fields overlap enough to
render the sample practically homogeneous with respect
to strain, and the superconducting transition becomes
sharp again. Apparently, we are close to this regime at
x=0.5.
It is particularly instructive to look at the specific heat
and susceptibility of the x = 0.1 sample, shown in Fig. 4.
This sample combines the features of both clean, defect
free regions of the sample, with the sharp feature at
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FIG. 4. Specific heat C (a) and AC magnetic susceptibil-
ity χAC (b) of CeIr0.9Rh0.1In5. Both C and χAC show broad
features with onset at T ≈ 0.8 K. The sharp bulk supercon-
ducting anomaly in C at Tc = 0.28 K manifests itself as an
additional drop in χAC at the same temperature. 80% of the
sample is screened from the magnetic field at Tc.
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Tc = 280 mK, and strained regions with the broad fea-
ture in specific heat above Tc. The onset of the broad
feature is indicated by the kink in the specific heat data at
about 0.8 K. Correspondingly, the susceptibility data also
show the kink (the onset of the superconducting transi-
tion) at the same temperature. By Tc the susceptibility’s
drop to zero is 80% complete, and almost all of the sample
is screened. There is an increase of the rate of the sus-
ceptibility drop at this temperature, reflecting the bulk
nature of the specific heat feature.
Strain-induced superconductivity in CeIrIn5 below Tρ
is also supported by specific heat measurements of a sam-
ple that was subjected to thermal cycling while under
hydrostatic pressure of 15 kbar [15]. An anomaly at T
≈ 1 K was observed after the sample was removed from
the pressure cell, whereas this anomaly was absent before
pressurization. Pressurization in conjunction with ther-
mal cycling to low temperatures apparently increased the
defect density in the sample, resulting in an increase in
the fraction of the sample undergoing a superconducting
transition at Tρ.
In conclusion, studies of CeIr1−xRhxIn5 reveal the
competition between the reduction of the superconduct-
ing Tc due to the pair breaking effect and an increase
in the inhomogeneous superconductivity. The detailed
behavior of the specific heat and magnetic susceptibil-
ity is consistent with inhomogeneous superconductivity
due to a strain field induced by crystallographic defects.
The strain field becomes rather homogeneous at x = 0.5,
resulting in sharp superconducting anomalies in the spe-
cific heat and susceptibility data. Our analysis of the H-
T phase diagrams of CeIrIn5 built using the specific heat
and the resistivity data suggests that the origin of the
inhomogeneous superconductivity in these compounds is
intrinsic filamentary superconductivity due to strain in-
troduced by the crystallographic defects. This mecha-
nism explains the mystery of the two superconducting
anomalies (resistance and specific heat) in CeIrIn5.
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